To study the magnetic and superconducting properties of the Na x CoO 2 · yH 2 O materials, we perform quantum Monte Carlo calculation on the single-band Hubbard model on a triangular lattice. Through the observation of magnetic susceptibility as a function of electron filling and temperature, it is interesting to see that the ferromagnetic fluctuation dominates in the high-filling region ͗n͘ = 1.5-1.85 and competes with the antiferromagnetic fluctuation in the filling region ͗n͘ϳ1.33. We also observe that triplet pairing is favorable around the ferromagnetic region, and the f-wave pairing correlation tends to increase faster with decreasing temperature than other pairing channels.
The recent discovery of Na x CoO 2 · yH 2 O, 1 which shows interesting magnetic, charge, and superconducting properties, has attracted a lot of attention on the correlated electron system on frustrated lattices such as a two-dimensional triangular lattice.
1-4 The one-band Hubbard model has been used to understand the fascinating physical properties of lowdimensional correlated electron systems. Most of them have been extensively studied, but not all are well understood. The ferromagnetic property of itinerant electrons is one of the old and still unclear issues. One scenario was proposed by Mielke 5, 6 and Tasaki, 7, 8 which has been studied extensively by numerical and analytical techniques. 9, 10 The pairing correlation behaviors play a very important role in studying superconductivity. On the triangular lattice, a variety of pairing correlation behaviors have been reported, and some of them are not conclusive or even contradictory.
The Hamiltonian of a single-band Hubbard model reads
The model is defined on a triangular lattice with hexagonal shape. This lattice setting conserves most geometric symmetries of the triangular lattice, and the data points in the first Brillouin zone ͑BZ͒ include all the high symmetry points such as ⌫, M, and K points. The noninteracting band dispersion reads
This dispersion shows a logarithmic van Hove singularity at E =2t, corresponding to electron filling of 1.5, and at this energy value, the Fermi surface is hexagonal and the area is exactly 3 / 4 of the whole BZ. 11 The high density of states ͑DOS͒ contributes to the strengthening of ferromagnetic spin fluctuation in this region, as will be seen below. We study this system by using the determinant quantum Monte Carlo method 12 in the grand canonical ensemble at finite temperature. In this case, the sign problem which prevents us from going far into the low temperature occurs in the whole filling region. We calculated the spin susceptibility and analyzed our numerical results under the theoretical frame developed by Arrachea 13 and Mielke 6 We also calculated several kinds of pairing susceptibility ͑unequal-time correlations in the imaginary time direction͒ to study the behaviors of pairing correlations in different channels. The imaginary-time pairfield operator is defined in Ref.
14. Assuming the triangular lattice is isotropic, the d x 2 −y 2 wave and d xy wave, and the p x wave and p y wave, are degenerate, respectively. We denote them as the d wave and p wave as shown in figures below. The extended s wave and the f wave with next-nearest neighbors are denoted as s wave and f n wave, respectively. The scenario takes place on a triangular lattice having a large DOS region close to the van Hove singularity point. In this case, if the particle density is high and U 0, electrons near the Fermi surface polarized with the same spin may occupy more single-particle levels according to the Pauli exclusion principle, and the kinetic energy enhancement is not significant because the large DOS makes the width among single-particle levels narrow. On the other hand, in such a state, the local Coulomb interaction is less active and the potential energy is reduced. For large enough U, states with total spin S 0 may compete against the state with S =0 to have a lower energy. This may result in a ferromagnetic fluctuation of itinerant ͑or metallic͒ nature, as it takes place in a partially filled single band with a finite dispersion. Figure 1 shows the filling dependence of spin susceptibility. The behaviors of spin susceptibility ͑q͒ are qualitatively different in two filling regions separated by the van Hove singularity point ͗n͘ = 1.5. In the first region ͗n͘ Ͼ 1.5, the maximum value of the ͑q͒ stays at the ⌫ point, and the ratio to the ͑q͒ value at K point remains nearly constant ͑roughly 2 at this temperature͒. These behaviors signal that the ferromagnetic fluctuation dominates in this region. In the second region ͗n͘ Ͻ 1.5, the maximum value of the ͑q͒ no longer stays at the ⌫ point, and it moves toward the K point. The ratio between ͑q͒ values at the ⌫ point and the K point varies significantly, and becomes less than 1 when ͗n͘ is down to 1.15.
The evolution of magnetic correlation with filling may be caused by the competition between ferromagnetic and antiferromagnetic fluctuations. Since antiferromagnetic correlations are strong around the half-filling region, 15, 11 they may dominate the shape of ͑q͒ in a wide range of filling up to near the van Hove singularity point. The case of filling around 1.33, corresponding to the cobalt superconductivity case, lies on the other side of the van Hove singularity point, and also has high DOS. We argue that in this region, although the ferromagnetic fluctuation cannot overwhelm the antiferromagnetic fluctuation, the competition between them will suppress antiferromagnetic correlations and the peak of ͑q͒ moves toward M and K points. We can see from the quantum Monte Carlo simulations that the high DOS near the van Hove singularity point is important to the enhancement of ferromagnetic fluctuation. Comparing the data of ͗n͘ = 1.33 in Fig. 1 and the data at T = 0.33͉t͉ in Fig. 2 , one can see that the data almost fall in the same curve, so the finite size scaling behavior of the system is good up to large lattices.
In order to clearly see the magnetic fluctuation around the filling ͗n͘ = 1.33, we show in Fig. 2 the magnetic susceptibility as a function of momentum at different temperatures on the 48-site lattice. It is evident that the peak of ͑q͒ shifts toward the M point and K point in the filling regime under ͗n͘ = 1.5.
In the filling region 1.5Ͻ ͗n͘ Ͻ 1.85, the behaviors of spin susceptibility are qualitatively the same. In order to reach lower temperature, we present here the results for the filling ͗n͘ = 1.85, although its ferromagnetic fluctuation is not as strong as that at the filling close to the van Hove singularity point. Figure 3 shows ͑q͒ vs q at different temperatures for U =4͉t͉ and U =8͉t͉ on the 108-site lattice. One can see that ͑q͒ has a broad peak around the ⌫ point of the BZ, indicating that the system exhibits a certain kind of ferromagnetic fluctuation. It is shown that the behavior at U =8͉t͉ is similar to the one at U =4͉t͉. However, it is not conclusive whether ͑q͒ saturates at lower T for U =8͉t͉. At the same temperature, ͑q =0͒ at U =8͉t͉ is relatively larger than at U =4͉t͉, suggesting that the on-site Coulomb interaction U tends to strengthen the ferromagnetic fluctuation.
In the same filling region discussed above, we also study the behaviors of pairing correlations in different channels. All kinds of pairing susceptibility behaviors do not change qualitatively in the filling region 1.5Ͻ ͗n͘ Ͻ 1.85, so we show a typical result in Fig. 4 at the filling ͗n͘ = 1.85, for which the data are relatively stable for us to access the low enough temperature region. In Fig. 4 , when the temperature decreases, the singlet and triplet pairing behaviors separate, the spin-triplet p-wave and f-wave pairing susceptibilities keep growing, particularly, the f wave still grows fastest, while the other waves ͑s wave, d wave, and f n wave͒ seem to saturate. Our calculations suggest that the pairing susceptibility behaviors do not vary sensitively to the change of interaction strength, which agrees with the previous work. 16 Our results show that the ferromagnetic fluctuations enhance the f-wave pairing susceptibility more than other pairing sus- ceptibility. It is interesting to see that the f-wave pairing is the most favorable at the ferromagnetic fluctuation dominating region.
In Fig. 5 , we show the pairing susceptibility behaviors at the filling ͗n͘ = 1.33 on the 48-site lattice. When the temperature decreases, the spin-triplet channels, p wave and f wave, do not grow fast and even seem to saturate. The spin-singlet channel d wave grows the fastest. These behaviors are qualitatively different from the case in Fig. 4 
